inhibitory C-terminal domain (290-325 and 356-393) (Hupp et al., 1992). This inhibition can be relieved by acetylation, phosphorylation, or protease cleavage. After DNA damage, p53 is phosphorylated and acetylated at a number of sites within its N-and C-termini. Although a wealth of information exists concerning two sites at Ϫ1.4 and Ϫ2.3 kb within the chromatinp53, little is known about the actual mechanism by which assembled p21 promoter and requires the C terminus this critical tumor suppressor protein directly interacts and the histone acetyltransferase, p300, for transcripwith its target genes and regulates their expression. We tion. Acetylation of the C terminus by p300 is not nechave begun to address these issues by developing a essary for binding or promoter activation. Instead, p53-dependent in vitro transcription system using chrop300 acetylates p53-bound nucleosomes in the p21 matin-assembled p21 promoter-driven genes. The p21 promoter with spreading to the TATA box. Thus, p53
Introduction ability of p53 to activate p21 gene expression in vivo (Scolnick et al., 1997) . The p53 tumor suppressor gene is the most frequent Using the natural p21 promoter, we show that p53 target for genetic alterations in cancer, with mutations functions synergistically with p300 to activate transcripoccurring in approximately 50% of all human tumors. tion through chromatin from a distance of at least 1.4 The importance of p53 in cancer prevention results from kb. Interestingly, p300 mediates p53-dependent tranits ability to regulate such critical processes as cell cycle scription without increasing p53 binding to the chromaprogression and apoptosis (recent reviews Levine, 1997;  tin template. Instead, p53 associates with its nucleosoPrives and Hall, 1999; Vogelstein et al., 2000) . p53 is a mal target sites in the absence of chromatin remodeling sequence-specific DNA binding protein that has been or modifying complexes. Chromatin-bound p53 then reshown to activate transcription of a number of target cruits p300 to the p21 promoter, resulting in localized genes, including p21, Mdm2, GADD45, Bax, and cyclin nucleosome acetylation with regional spreading to the G. Induction of p21 results in cell cycle arrest in response TATA box. p300 mediates p21 gene expression by p53-to DNA damage by inhibiting cyclin-dependent kinase targeted nucleosomal acetylation rather than through activity (El-Deiry et al., 1993; Xiong et al., 1993). Activap53 acetylation, which does not affect its transcriptional tion of Bax and other genes by p53 promotes apoptosis activity in vitro. (Miyashita and Reed, 1995) . The regulation of cell cycle In contrast with current views, we find that p53 is not arrest and apoptosis by p53 are mechanistically distinct a latent but an active DNA binding protein that does processes (Attardi et al., 1996) . Recently, oligonucleonot require modification of the C-terminal domain by tide microarray analysis has identified a broad spectrum acetylation or antibody binding to interact with either of genes that are controlled by p53 in a positive or DNA or chromatin. Our studies indicate that the C terminegative manner, and whose functions fall into categonus is not inhibitory for p53 binding and is, in fact, reries that reflect the role of p53 as an integrator of diverse quired for p53 association with particular target sites. cellular signals (Zhao et al., 2000) .
p53 interacts with distinct types of nucleosomal binding The 393 amino acid p53 protein consists of two N-tersites within the p21 promoter, as shown by different minal activation domains (amino acids 1-42; 42-83), a behaviors in response to C terminus perturbations. In sequence-specific DNA binding domain (102-292), and addition, p53 associates with chromatin at higher affinity a C-terminal oligomerization domain (324-355). The DNA than with DNA in the absence of cofactors or protein binding activity of p53 is thought to be under negative modifications. Thus, transcriptional regulation by p53 constitutive regulation through two regions within its may be a complex property of chromatin structure, DNA topology, and recruitment of specific cofactors to allosterically-regulated binding sites. 
Results
insect cells is mainly nonacetylated, an observation that is further supported by Western blot assays using antibodies that specifically recognize the acetylated form Synergistic Transcriptional Activation of the Chromatin-Assembled p21 of p53 (see Figure 3C ). This experiment also suggests that other modifications previously reported to activate Promoter by p53 and p300 We expressed full-length human p53 and full-length hup53 DNA binding activity are absent in these preparations. man p300 in insect cells using the baculovirus expression system. Flag-tagged p53 and His-tagged p300 were To analyze the mechanism of p53-dependent transcriptional activation of chromatin-assembled p21 propurified by affinity chromatography to apparent homogeneity ( Figure 1A) . The full-length size of recombinant moters, we used a DNA construct containing a 2.4 kb fragment of the human p21 promoter. This includes two p300 was confirmed by comparative Western blot, using native p300 as control ( Figure 1B) . When p300 acetylbinding sites for p53, which are centered around positions Ϫ2270 (5Ј site) and Ϫ1380 (3Ј site), respectively transferase activity was assayed using core histones and p53 as substrates, p300 efficiently acetylated p53 (Figure 2A ). This promoter fragment drives the transcription of a luciferase reporter gene (WWP-LUC or p21-and histones H3 and H4 in solution and histones H2A and H2B to a lesser extent ( Figure 1C ). This experiment LUC). This 8 kb plasmid has been extensively used to study p53-dependent transcription of the p21 promoter shows that full-length p300 can acetylate p53, as previously reported for its histone acetyl-transferase (HAT) by transient expression experiments, and the requirement of at least one of these two binding sites for p53-domain alone (Gu and Roeder, 1997).
The p53 protein obtained from insect cells was mainly dependent transactivation has been amply demonstrated (El-Deiry et al., 1995). inactive for specific DNA binding activity when measured by EMSA using a 25 bp oligonucleotide harboring Chromatin assembly of this template DNA was performed using Drosophila embryo cell-free extracts and the 5Ј site in the p21 promoter. In agreement with previous experiments using only the catalytic domain of p300, purified core histones as previously described (Bulger and Kadonaga, 1994). The quality of the reconstituted the DNA binding activity of p53 was dramatically improved by acetylation using full-length p300 ( Figure 1D ). chromatin was assessed by transcriptional repression and structural analysis by micrococcal nuclease digesThe efficiency of activation by p300-mediated acetylation was comparable to that observed with other known tion ( Figure 2C , lanes 5-6, and Figure 2D ). The micrococcal nuclease digestion pattern of the in vitro reconstituactivating stimuli, such as binding of the antibody PAb421 to the C-terminal region of the protein or deleted chromatin showed the presence of physiologically spaced nucleosomes and was correlated with a comtion of the C terminus itself (see Figures 4B and 5B ). Our analyses demonstrate that the p53 protein produced in plete repression of p21 promoter activity. The p21-LUC chromatin template was subjected to line, erythroid K562 (data not shown). Thus, transcriptional activation from the chromatin-assembled p21 proin vitro transcription reactions using HeLa cell nuclear extracts as a source of basal initiation components in the moter in vitro requires p53, acting at a distance of at least 1.38 kb, in combination with a histone acetyl transferase presence or absence of p53 and/or p300, as described in the protocol depicted in Figure 2B . Both factors were cofactor, p300. Interestingly, other putative cofactors, such as PCAF and human SWI/SNF, do not facilitate added after chromatin assembly was complete ("post assembly") and incubated with the template prior to in p53-dependent transcription in these assays even though they both interact with p53 (our unpublished vitro transcription. Addition of p53 alone produced very modest transcriptional activation ( Figure 2C, lane 7) . data). However, coincubation with p300 gave a strong synergistic de-repression of the chromatin template (lane 8).
p300 Can Mediate p53-Dependent Transcription without Increasing p53 Binding p300 alone was unable to achieve such activation (lane 9). Neither p53 nor p300 appreciably influenced tran-
to the Chromatin Template To analyze the mechanism by which p300 mediates p53-scription of naked DNA templates (lanes 1-4) . Identical results were obtained using extracts from another cell dependent activation, we performed DNase I chromatin footprinting assays to examine the occupancy of the 5Ј These observations raised some interesting questions about the coactivation mechanism of p300 and the DNA/ and 3Ј sites of the p21 promoter under conditions of transcriptional coactivation. Chromatin assembly and chromatin binding properties of p53. For example, is unmodified p53 able to interact with its chromatin bindfactor incubation steps were performed as described for Figure 2 but the samples were split into three aliquots ing sites as well as the acetylated isoform in contrast to what is observed in EMSA for short pieces of naked just before the in vitro transcription reaction. One aliquot was subjected to DNase I digestion, the second was DNA? Can p53 interact with its chromatin binding sites on its own or does it require chromatin modifying or transcribed, and the third was analyzed by Western blot to determine the acetylation status of p53. Surprisingly, remodeling activities present in the assembly extract? p53 alone was able to generate a clear footprinting pattern at both the 5Ј and 3Ј binding sites within the p21 p53 Does Not Require Acetylation or Remodeling Complexes to Interact with Chromatin promoter ( Figure 3A, lanes 2 and 6) . Addition of p300 did not significantly change the footprinting pattern proTo answer these questions, we performed footprinting experiments with chromatin-assembled p21 promoters duced by p53, even though it clearly enhanced transcription from the p21 promoter ( Figure 3B, lane 4) . In after ATP depletion and purification by gel filtration using nonsaturating amounts of p53. These chromatin sama parallel experiment using the same proteins and reagents, p300 clearly activated p53 DNA binding activity ples are devoid of endogenous ATP-dependent nucleosome remodeling activities, small molecules like ATP in EMSA (data not shown, similar to Figure 1D ).
The acetylation status of both untreated and preor acetyl CoA, and the majority of proteins from the chromatin assembly extract (Mizuguchi and Wu, 1999). viously acetylated p53 was preserved during incubation with the chromatin template as determined by Western As shown in Figure 4A , both native and previously acetylated p53 are able to interact with the 5Ј and 3Ј binding blot analyses using antibodies that specifically recognize only the acetylated form of p53 ( Figure 3C ). These sites in the purified p21 promoter chromatin with similar affinities. antibodies did not recognize native p53, whereas the p300-acetylated p53 isoform gave a strong signal. Thus, From this experiment, we draw three main conclusions. First, although native p53 possesses an almost native p53 remained unacetylated, and previously acetylated p53 was not deacetylated during the chromatin undetectable DNA binding activity when assayed on short oligonucleotides, it binds very efficiently to the assembly incubation. We conclude from this experiment that p300 can mediate p53 transactivation without afsame sites in a larger promoter context when assembled into chromatin. Second, whereas acetylation of p53 by fecting the ability of p53 to bind to its DNA recognition sequences in chromatin. p300 dramatically increases its affinity for short DNA duplexes, it does not increase its affinity for the same insight into this issue, we examined a C-terminal deleted form of p53, lacking the last 30 amino acid residues (p53 sequences in p21 promoter chromatin. Third, native p53 ⌬C30). After production in insect cells and comparative interacts efficiently with its nucleosomal binding sites quantification with wild-type p53 ( Figure 5A ), we tested in the absence of chromatin modifying or remodeling the binding activity of this protein in both EMSA and activities.
DNase I footprinting. As expected according to previous reports, the ⌬C30 mutant was strongly active in the p53 Possesses Distinct Types of Chromatin EMSA analysis as compared with the acetylated form and DNA Binding Sites of wild-type p53 ( Figure 5B ). By contrast, when the ⌬C30 To gain more insight into the interaction of p53 with mutant was assayed by DNase I footprinting on p21 chromatin, we made use of a different tool commonly promoter DNA or chromatin, it showed a weaker binding employed to activate its dormant DNA binding activity.
to the 5Ј site and no binding to the 3Ј site ( Figure 5C ).
Previous reports have concluded that the C-terminal
We conclude that the C-terminal domain is not inhibitory domain of p53 inhibits its ability to interact with DNA.
for DNA binding and that it is required for interaction Such inhibition can be artificially relieved by binding a with both the 5Ј and 3Ј p21 promoter sites (to different monoclonal antibody to the C-terminal domain (Hupp extents) when these are present in larger molecules of et al., 1992). Interestingly, the binding of the monoclonal DNA or chromatin. This is consistent with a functional antibody PAb241 does not increase the affinity of p53
analysis showing that the C-terminal domain is required for all DNA binding sites tested. Moreover, the affinity for for in vitro transcription from the chromatin-assembled some binding sites is significantly decreased, whereas it p21 promoter ( Figure 5D ). remains unchanged for others. Similar behavior has
The failure to detect latent DNA binding activity of been observed for other "activating" modifications, sugp53 that can be activated by acetylation, incubation gesting the existence of different types of DNA binding with the PAb421 antibody, or deletion of the C-terminal sites for p53. In this regard, the two p53 recognition domain raises an important issue. Such latency is clearly sequences in the p21 promoter fall into different categoevident when measuring p53 DNA binding activity by ries: binding to the 5Ј site is strongly enhanced by treat-EMSA using short duplexes of naked DNA, but it is not ment with PAb421, whereas binding to the 3Ј site is apparent when the same binding sites exist within a inhibited when measured by EMSA (Resnick-Silverman larger DNA context with or without chromatin assembly. et al., 1998). Therefore, we decided to test the effect of The resolution of this discrepancy is critical toward unPAb421 on p53 binding to these two binding sites when derstanding the regulation of p53 DNA binding activity. assembled into chromatin.
As shown in Figure 4B , the addition of PAb421 to The Affinity of p53 for the 5 p21 Promoter Binding native p53 increases its DNA binding activity for the Site Increases as a Function of Target DNA Size 5Ј site to a similar extent as that observed by p300-There are many differences between the two DNA binddependent acetylation when examined by EMSA. As ing assays performed in this study, EMSA and chromatin expected, the protein-DNA complex was supershifted or DNA plasmid footprinting. First, the size of the temby the presence of the antibody. However, when examplate DNA is much longer in the footprinting experiments ined by chromatin footprinting (Figure 4C ), treatment (25 bp for EMSA versus 8 kb for footprinting). Second, with PAb421 did not increase the affinity of p53 for the protein-DNA binding occurs in solution in footprinting 5Ј site, similar to our previous observations with acetylareactions, whereas binding continues inside the polytion by p300 ( Figure 4A ). Interestingly, PAb421 clearly acrylamide gel in EMSA, which can affect the formation blocked the binding of p53 to the 3Ј site ( Figure 4C or stability of the complex. bottom). Thus, using chromatin-assembled p21 promotTo discriminate between these alternatives, we perers, the antibody retained its inhibitory effect on p53 formed EMSA with native and acetylated p53 using interaction with the 3Ј site, but it lacked the stimulatory pieces of double-stranded naked DNA of increasing effect on the 5Ј site, in agreement with previous reports size. Probes were generated that contained a centered or 3Ј site were observed between relaxed and supercoiled templates (data not shown). Quantification of the occupancy of both 5Ј and 3Ј p21 p53 Binds with Higher Affinity to Chromatin than to DNA promoter sites was performed by densitometric analysis of bands marked by asterisks ( Figure 6C ). This demonWe next assessed the relative binding affinities of p53 for its two sites within the p21 promoter as DNA or strated a clear difference in the kinetics of p53 binding to DNA or chromatin templates at both sites. Whereas chromatin. The interaction of some DNA binding proteins is impeded by nucleosomes, and specific remodelp53 interaction with chromatin increased almost logarithmically linear with protein concentration, binding to ing complexes are required to facilitate their association (Armstrong et al., 1998; Kadam et al., 2000) . To address DNA showed a clear "threshold" effect with a dramatic change in occupancy within a narrow window of protein this issue for p53, we performed extensive protein titrations in parallel experiments using DNA or CL4B-purified concentration. This difference was more apparent for the 3Ј site (lanes 13-21) . Taken together, these data chromatin. Surprisingly, these experiments revealed that p53 binds with higher affinity to nucleosomal temsuggest that the structure of the two p21 promoter bind- ing sites may be altered within nucleosome arrays to promoters; and second, transactivation of the transcripgenerate a higher affinity for p53 and to influence its tional machinery. After observing that p300 is required association kinetics. This regulatory feature of chromato mediate p53-dependent activation of chromatintin could be of critical importance within cells when assembled p21 promoters (Figure 2 ) but does not facilidistinct p53 target genes are activated in response to tate the binding of p53 (Figures 3 and 4) , we investigated changing levels of p53 protein. 
p53 Recruits p300 and Directs Nucleosome Acetylation of the p21 Promoter
Our studies indicate that p300 does not coactivate p53 function by either facilitating its interaction with chromatin or increasing its transactivation potential. We, therefore, explored other mechanisms by which p300 may mediate p53-dependent transcription. Particularly whether p53 recruits p300 to acetylate nucleosomal histones within the p21 promoter. For this purpose, we assembled the p21 promoter into chromatin using defined factors instead of Drosophila embryo extracts. This recombinant chromatin assembly system, developed by Kadonaga and colleagues, consists of the ACF complex (dACF ϩ dISWI) and the histone chaperone NAP-1, which together catalyze the assembly of free histones into nucleosomes in the presence of ATP. This system has been used successfully to obtain regularly spaced nucleosome arrays and allows a higher degree of manipulation compared to the embryo extracts (Ito et al., 1999). For our purposes, use of recombinant factors enabled us to detect de novo acetylation of the chromatin-assembled p21 promoter by incorporation of exogenously added 3 H-acetyl CoA. Under the optimal histone:DNA ratio, the majority of histones in the assembly reaction are incorporated into a nucleosomal array. This is critical because it has been demonstrated recently that p300 alone can acetylate free histones but not nucleosomes unless recruited by the activator GAL4-VP16 (Ito et al., 2000) .
The quality of p21 promoter chromatin assembled in Figure 7C ). When both p53 and p300 were a mechanism by which p300 can regulate the activity present in the reaction, a strong acetylation of all four of natural promoters is by acetylating chromatin over a nucleosomal histones was easily detected (lane 3), long-range when recruited by a distal transcription facwhereas very weak acetylation was observed by p300 tor. Targeted nucleosome acetylation by chromatinalone (lane 4). A control reaction with equivalent amounts bound GAL4-VP16 has been described recently (Ito et of free histones and p300 was included (lane 5). Acetylaal., 2000). Previous studies in yeast revealed a localized tion of p53 and autoacetylation of p300 was also defactor-directed acetylation encompassing 1-2 nucleotected (lanes 3-4) . This experiment clearly demonstrates somes within the proximal promoters (Rundlett et al., that p53 can recruit the HAT activity of its coactivator 1998; Struhl et al., 1998). In the absence of p53, p300 p300 to the chromatin template and mediate de novo cannot acetylate nucleosomes due to lack of template acetylation of nucleosomal histones.
targeting, and the p21 promoter remains inactive. We To determine whether p53 influenced the localization find that p53 proteins containing mutations in lysine of nucleosome acetylation on the p21 promoter by direct residues acetylated by p300 are as active as wild-type recruitment of p300, we performed in vitro chromatin p53 in regulating p21 transcription in vitro. This indicates immunoprecipitation assays. p21 promoters were asthat acetylation of p53 does not contribute to its transsembled into chromatin using purified components and activation potential, and that p300 does not mediate incubated with p53 and/or p300. Chromatin was ditranscription by this mechanism in our biochemical gested with micrococcal nuclease and acetylated oligoassays. This conclusion is in agreement with previous nucleosomes were immunoprecipitated using anti-acein vivo analyses in which p53 mutants lacking these tyl-H4 antibodies. Specific p21 plasmid sequences in lysine residues did not show a significant decrease in the immunoprecipitates were detected by PCR amplifitranscriptional activity ( the inability of p53 to interact with its target genes and tion also occurs several hundred base pairs from the 3Ј regulate transcription would be expected to contribute site to reach the proximal promoter (TATA box). We significantly to cancer development and progression. consistently obtained the following decreasing levels of Previous experiments have led to the conclusion that acetylation: 3Ј site Ͼ TATA box ϭ 5Ј site ϾϾ ϩ2kb.
p53 is a latent DNA binding protein which contains an These data indicate that in the presence of p53, p300 inhibitory C-terminal domain. Using primarily EMSA acetylates nucleosomes in a targeted manner within analyses, latent DNA binding of p53 has been shown to chromatin-assembled p21 promoter-containing plasbe activated in several ways: posttranslational modificamids (lane 11). In the absence of p53, only negligible tions of the C terminus, such as acetylation or phosphornucleosome acetylation by p300 is apparent (lane 12). ylation; association with the monoclonal antibody Interestingly, acetylation is highest when p300 is rePAb421; or deletion of the C-terminal domain (reviewed cruited to the promoter proximal 3Ј p53 binding site and in Prives and Hall, 1999) . In contrast to these observathen apparently spreads to encompass the TATA box.
tions, our experiments demonstrate that unmodified, Thus, the probable mechanism by which p300 coactifull-length p53 binds very efficiently to its natural recogvates p53-dependent transcription is by targeted nition sequences within both DNA and chromatin. This nucleosomal acetylation of the proximal promoter when occurs in the absence of p53 modification by acetyl recruited by bound p53 at a distance of at least 1.4 kb. transferases or chromatin disruption by ATP-dependent remodeling complexes. In fact, perturbations of the Discussion C-terminal domain reveal the distinct nature of individual p53 binding sites. For example, deletion of the C termiOur studies demonstrate that p53 activates transcription nus or association of this domain with PAb421 actually from a natural target promoter, p21, when bound at a abolishes p53 interaction with the 3Ј site within the p21 distance of at least 1.4 kb in a chromatin environment.
promoter. Conversely, both modifications result in the Transcriptional activation requires the histone acetylswitch from latent to active DNA binding by p53 when transferase, p300. Surprisingly, p300 does not function analyzed by EMSA. The discrepancy between p53 bindby facilitating p53 binding to its DNA recognition sites ing results obtained with EMSA using short oligonucleowithin chromatin. Instead, p300 acts at a later step in tides and DNase footprinting using larger promoter fragthe transcription process by acetylating nucleosomes ments can be resolved by increasing the length of the within the proximal and distal p21 promoter when taroligonucleotides so that it presumably adopts a secondgeted by bound p53. This presumably renders the ary structure to which p53 can stably bind. Importantly Kim, E., Rohaly, G., Heinrichs, S., Gimnopoulos, D., Meissner, H.,
